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1 Introduction
Standard three-flavor neutrino oscillations have been well explained by a wide range of
neutrino experiments. However anomalous results, such as the electron-antineutrino
excess seen by LSND and MiniBooNE do not fit the three-flavor paradigm. This can
be explained by an additional fourth neutrino at a larger mass scale than the existing
three flavor neutrinos. The NOvA experiment consists of two finely segmented, liq-
uid scintillator detectors operating 14.6 mrad off-axis from the NuMI muon-neutrino
beam. The Near Detector is located on the Fermilab campus, 1 km from the NuMI
target, while the Far Detector is located at Ash River, MN, 810 km from the NuMI
target. The NOvA experiment is primarily designed to measure electron-neutrino
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appearance at the Far Detector using the Near Detector to control systematic un-
certainties; however, the Near Detector is well suited for searching for anomalous
short-baseline oscillations. We present a novel method for selecting tau neutrino
interactions with high purity at the Near Detector using a convolutional neural net-
work. Using this method, the sensitivity to anomalous short-baseline tau-neutrino
appearance due to sterile neutrino oscillations will be discussed.
2 NOvA Experiment
The NOvA experiment consists of finely segmented liquid scintillator Far and Near
Detectors operating 14.6 mrad off-axis from the upgraded NuMI muon-neutrino beam.
The Near Detector(ND) has a 0.3 kton mass and is located at the Fermilab campus,
1 km from the NuMI target. The Far Detector(FD) has a 14 kton mass and is located
at Ash River, MN, 810 km from the NuMI target. The neutrino beam is produced
using 120 GeV protons incident on a 1.2 m long graphite target. The kaons and
pions emerging from the target are focused by two magnetic horns and either decay
in flight into neutrinos over a distance of 705 m, including a 675 m decay pipe, or are
absorbed. The resulting neutrino beam has a narrow energy spectrum peaked at 2
GeV. The beam is extracted every 1.33 s using a time window of 10 µs.
3 Searching for the Sterile Neutrinos using Tau Neu-
trino Appearance
The electron-antineutrino and neutrino excesses seen by LSND [1] and MiniBooNE
[2][3] do not fit the three-flavor paradigm. These excesses can be explained by adding
a sterile neutrino at a larger mass scale than the three active neutrinos. The extended
mixing matrix when adding in this extra neutrino is
νe
νµ
ντ
νs
 =

Ue1 Ue2 Ue3 Ue4
Uµ1 Uµ2 Uµ3 Uµ4
Uτ1 Uτ2 Uτ3 Uτ4
Us1 Us2 Us3 Us4


ν1
ν2
ν3
ν4
 (1)
where νµ, νe, ντ , νs and ν1, ν2, ν3, ν4 are the flavor and mass eigen states respectively,
and Uα4, α = e, µ, τ, s represents the mixing between active and sterile neutrino.
The oscillation probability can be approximated for the Short-baseline oscillations as
2
True Enegry (GeV)0 20 40 60 80 100
O
sc
illa
tio
n 
Pr
ob
ab
ilit
y
0
0.02
0.04
0.06
0.08
0.1
0.12
)τν → µνP(
NOvA Simulation
2
 = 22 eV2m∆
 = 0.175 radτµθ
L = 1 km
(a) Probability for νµ → ντ oscillations
)2 (eV2m∆ 
1−10 1 10 210 310
 
PO
T
20
10
×
 
Ev
en
ts
/6
3
10
0
5000
10000
15000
20000 3 Flavor Prediction 
100) ×)(τν → µν(
NOvA Simulation
= 0.175 radτµθ
ND, No Selection
(b) ND event rates for different ∆m2 val-
ues(before selection)
Figure 1: Oscillation probability(left) and event rates for different ∆m2 values(right).
follows,
Pα→β = δαβ−4
∑
i>j
R(U∗αiUβiUαjU∗βj)sin2
(
∆m2ijL
4E
)
+2
∑
i>j
I(U∗αiUβiUαjU∗βj)sin2
(
∆m2ijL
4E
)
(2)
Similarly, νµ → ντ appearance probability from eq.[2] can be written as
PSBL,3+1
(−)
νµ→(−)ντ
= sin2 2θµτ sin
2 ∆m
2
41L
4E
(3)
where sin2 2θµτ ≡ 4|Uµ4|2|Uτ4|2 = cos4 θ14 sin2 2θ24 sin2 θ34
and, νµ → νµ disappearance probability from eq.[2] can be written as
PSBL,3+1
(−)
νµ→(−)νµ
= 1− sin2 2θµµ sin2 ∆m
2
41L
4E
(4)
where sin2 2θµµ ≡ 4|Uµ4|2(1− |Uµ4|2) = cos2 θ14 sin2 θ24
4 Tau Neutrino Events in NOvA ND
Charged Current(CC) tau-neutrino interactions in the ND occur primarily between
10 and 20 GeV as you can see in Fig. 1.b, so they typically have high multiplicity
hadronic systems originating from nuclear scattering in addition to the decay products
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of the outgoing tau-lepton in the final state. Hence we can categorize CC tau neutrino
interaction as either hadronic with one outgoing neutrino and typically one or three
pions, or leptonic with two outgoing neutrinos and an electron or muon. All events
are likely to have a large amount of additional hadronic activity due to the hadronic
recoil associated with these high energy events. An example hadronic CC tau-neutrino
interaction is shown in Fig. 2
We developed the Convolutional Visual Network (CVN) [4]using the tools from the
computer vision community to classify neutrino interactions, which is based on the
GoogLeNet convolutional neutral network (CNN) architecture. CNNs treat each
event as an image, and pass these images through layers consisting of banks of learned
filters to extract the features of these images. These features are then used to classify
events according to neutrino flavor and interaction type. Currently CVN is also
used in the electron neutrino appearance [5] and neutral-current (NC) disappearance
analyses in NOvA [6].
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Figure 2: A simulated 13.9 GeV hadronic CC tau neutrino event in NOvA ND. Color
indicates the charge deposited in the calorimeter. Upper and lower plot are the top
and side views, respectively of this event in the detector.
5 Signal Selection and Prediction
Backgrounds arise from both misidentified NC, νµ CC and νe CC interactions and from
external sources. In the background NC neutrino interactions, the neutrino leaves the
detector with reduced energy and products of nuclear fragmentation remain behind.
This hadronic recoil appears in the detector as an isolated cluster of energy deposits
which may be mimicking hadronic ντ CC interaction. NuMI beam νµ CC and νe
4
CC events, typically with high momentum transfer to the hadronic system, can be
produced where the lepton may be mimicking a leptonic CC tau neutrino interaction.
The major external source of the background are the NuMI beam events interacting
in the periphery of the ND and in the surrounding cavern.
We use the tau-neutrino CVN as the primary classifier for the signal selection and
use a pre-selection which further improve the rejection of detector external activities
caused by events in rock around the detector. The pre-selection include a fiducial vol-
ume cut, which selects only the events having the reconstructed neutrino interaction
vertex in a restricted region inside the detector and a containment cut, which rejects
the events in rock around the detector.
This analysis applies a joint fit for the parameters ∆m214 and θµτ using νµ → ντ and
νµ → νµ selections in ND. A high energy νµ → νµ selection helps to constrain the
highly correlated systematic uncertainties in the analysis. Table.1 shows the number
of predicted neutrino events for νµ → νµ and νµ → ντ selections at the point ∆m214
= 22 eV 2 and θµτ = 0.175 rad. for 18×1020 POT.
Selection νµ CC NC νe CC ντ CC
νµ → νµ 3.31×106 32072 4637 14955
νµ → ντ 336 297 177 612
Table 1: The neutrino events passing νµ → νµ and νµ → ντ selections at the point
∆m214 = 22 eV 2 and θµτ = 0.175 rad. for 18×1020 POT.
Fig. 3(a) and 3(b) show the calorimetric energy after applying the tau neutrino and
muon neutrino selections, respectively at the point ∆m214 = 22 eV 2 and θµτ = 0.175
rad.
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Figure 3: Simulated calorimetric energy distribution for the selected neutrino events
at the point ∆m214 = 22 eV 2 and θµτ = 0.175 rad. scaled to 18×1020 POT.
6 Sensitivity to Sterile Neutrinos
As shown in Fig. 4, NOvA will be competitive with previous experiments [2-9] after
3 years of running(18×1020 POT). Future work will include improving the efficiency
for our selection of ντ according to their τ decay mode.
Figure 4: 90% C. L. sensitivity to the sterile neutrinos for 18×1020 POT as compared
to previous results from other experiments.
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